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We report resistivity measurements in the normal state of CeCoIn5 down to 40 mK and simulta-
neously in magnetic fields up to 9 T in the [001] crystallographic direction and under pressures up
to 1.3 GPa. At ambient pressure the data are consistent with a field tuned quantum critical point
coincident with the superconducting upper critical field Hc2, as observed previously. We find that
with increasing pressure the quantum critical point moves inside the superconducting dome to lower
fields. Thus, we can rule out that superconductivity is directly responsible for the non-Fermi liquid
behavior in CeCoIn5. Instead, the data point toward an antiferromagnetic quantum critical point
scenario.
PACS numbers:
A quantum critical point is simply the point at which
a second order phase transition occurs at T = 0, where
quantum fluctuations are present. Classical phase transi-
tions are now well understood. While theoretically there
is a natural extension to T = 0,[3, 4, 5] the experimen-
tal systems (and in particular heavy fermion systems)
display serious discrepancies with these predictions.[6]
As disorder may profoundly influence the behavior at a
quantum critical point, there is a great benefit in exam-
ining quantum critical systems which are stoichiometric,
and hence, relatively disorder free. CeCoIn5 is one of a
relatively small number of such systems.
CeCoIn5 is a heavy fermion superconductor with
Tc = 2.3 K.[7] The normal state possesses non-Fermi liq-
uid properties in zero field (T linear resistivity, T ln(T )
specific heat, and modified Curie-Weiss χ, compared to
the Fermi liquid expectations of T 2 resistivity, T linear
specific heat, and constant χ) indicative of a nearby un-
derlying quantum critical point.[8, 9] By applying the
magnetic field along the tetragonal c-axis a field-tuned
quantum critical point (QCP) was identified at HQCP
= 5 T.[1, 2] The fact that the superconducting upper
critical field Hc2 is also at 5 T raises the question of
whether superconducting fluctuations could be responsi-
ble for the field-tuned non-Fermi liquid behavior. How-
ever, this observation (that Hc2 ≈ HQCP ) is likely to
be an accidental coincidence for several reasons: i) it
is not clear if a superconductor has sufficiently strong
fluctuations to produce an extended critical regime, ii)
the superconducting transition itself becomes first order
below 0.7 K in CeCoIn5,[10] which should cutoff any di-
verging fluctuations, and iii) similarities in the zero field
pressure-temperature phase diagrams of CeRhIn5 and
CeCoIn5 suggests that CeCoIn5 at ambient pressure is in
close proximity to an antiferromagnetic quantum critical
point, as is observed in CeRhIn5.[9] However, two experi-
ments designed to separateHQCP fromHc2, via magnetic
field anisotropy[11] or Sn doping studies[12], failed to do
so. Applying the magnetic field in the ab-plane increases
Hc2 to 12 T, while in Sn doping studies the c-axis Hc2
was suppressed to as low as 2.75 T for CeCoIn4.88Sn0.12.
Despite this variation in Hc2 by more than a factor of 4,
one did not observe the appearance of an additional or-
dered phase above Hc2, nor a Fermi-liquid regime at the
superconducting upper critical field, with either specific
heat or resistivity measurements. This suggests that the
two critical fields are inherently linked together.
The pressure phase diagram of CeRhIn5 alluded to
above suggests that pressure may be an effective means of
suppressing criticality in CeCoIn5 if an antiferromagnetic
QCP is indeed still the origin of the non-Fermi liquid be-
havior in both systems. This is supported by measure-
ments of resistivity in zero field,[9] specific heat,[13] and
NQR[14] which appear to restore Fermi liquid behavior
with increasing pressure in CeCoIn5. In addition, dHvA
results at high fields show the effective mass of the 2-D
cylindrical β sheet (which increases as Hc2 is approached
from above) decreases with increasing pressure.[15] The
evolution of the field-tuned QCP with pressure is best
identified by performing measurements with magnetic
field. This is precisely how HQCP was originally iden-
tified to be close to Hc2 at ambient pressure.[1, 2] In this
paper we report resistivity measurements of CeCoIn5 un-
der pressure with magnetic field up to 9 T applied along
the c-axis and temperatures down to 40 mK. We find
that the QCP is strongly suppressed inside the super-
conducting dome and hence is no longer coincident with
Hc2 as pressure is increased. This gives compelling evi-
dence that the origin of the non-Fermi liquid behavior is
not associated with superconductivity, but rather related
to a order competing with superconductivity, most likely
antiferromagnetism.
Resistivity under pressure was obtained by a 4 point
measurement in a Cu-Be piston cell attached to the tem-
perature regulation stage on a dilution refrigerator. The
use of Silicone as the pressure transmitting medium en-
sures hydrostatic pressure (∆P ∼ 0.01 GPa). A single
crystal, aligned to within 5◦ of the c-axis, was measured
in fields up to 9 T. Field sweeps at 100 mK identified
Hc2 as 4.95, 4.95, 4.63, and 4.0 T at the four measured
pressures of 0, 0.05, 0.6, and 1.3 GPa. The pressure was
determined independently by measuring the supercon-
ducting transition of a Sn sample by ac susceptibility.
At ambient pressure the quantum critical field was de-
2termined by tracking the divergence of the T 2 coefficient
of resistivity in the ever shrinking window of the Fermi
liquid regime.[1] We follow the same recipe here for four
different pressures: 0, 0.05, 0.6, and 1.3 GPa. The raw
resistivity data is shown versus T 2 in figure 1. Panels (a)
through (d) show data for various fields at a given pres-
sure, while panels (e) and (f) present resistivity curves
for various pressures at constant magnetic field. Recall
that in the Fermi liquid regime ρ = ρ0 + AT
2. Thus, a
straight line in figure 1 would correspond to a well estab-
lished Fermi liquid behavior whose slope is proportional
to the square of the effective mass. At high fields (eg. 9
T; see fig. 1(f)) the Fermi liquid regime extends over a
wide temperature range. At low temperatures there is an
upturn in the data, which is believed to originate from
quasiparticles reaching the ωcτ ≈ 1 limit, and hence this
is also a feature of the Fermi liquid regime in CeCoIn5.[1]
We note that a similar observation was made in a very
clean UPt3 crystal.[16] For the purpose of analysis, this
prevents us from fitting ρ = ρ0+AT
2 down to the lowest
temperature measured; rather, we fit over a range which
maximizes the A coefficient. As the magnetic field is re-
duced towardHc2 the temperature range of the T
2 Fermi
liquid regime decreases monotonically.
There are several features evident in the raw data
which we will attempt to quantify below. Beginning with
the ambient pressure data in fig. 1(a), there is a dramatic
increase in the inelastic scattering as the magnetic field
is lowered. Simultaneously, the A coefficient grows, and
the Fermi liquid regime becomes vanishingly small. Let
us contrast this with the 1.3 GPa data in fig. 1(d). While
the A coefficient also increases with decreasing field the
effect is not nearly as dramatic as at ambient pressure.
Furthermore, there is still a well established Fermi liquid
at 4.6 T (which is just above Hc2 = 4 T) on a temper-
ature range significantly larger than at 6 T for ambient
pressure. This is shown both by a large linear regime on
the plot of ρ versus T 2 and by the upturn still present at
the lowest measured temperatures. As for the resistiv-
ity data for 0.05 GPa and 0.6 GPa, we find it displays a
smooth evolution between the ambient pressure and 1.3
GPa extremes we just discussed. We also should note
that as the pressure increases the A coefficient is also
rapidly suppressed as can be seen in figures 1(e) and (f).
To quantify the above behavior in the Fermi liquid
regime, we plot the A coefficient versus field in figure
2(a) for each measured pressure. The divergence of the
A coefficient, and hence the effective mass, is clearly sup-
pressed with increasing pressure. Since pressure is known
to increase the Kondo temperature in Ce Kondo lattice
systems, we need to be certain that the reduction of A
is not solely a decrease of the overall scale. For that
purpose, we parameterize the divergence of A with the
form A = A0(H − HQCP )
α with A0 and HQCP as ad-
justable parameters. This form was used by Paglione et
al. to identify the critical field as HQCP = 5.1 T with
α = -1.37.[1] By keeping α fixed at -1.37 we find both
A0 and HQCP to decrease with increasing pressure. The
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FIG. 1: (color online) Resistivity of CeCoIn5 for H ‖ c-axis
and current in the ab-plane plotted versus T 2 to highlight
the Fermi liquid regime for fields above the superconducting
upper critical field. Hc2 = 4.95, 4.95, 4.63, and 4.0 T for P
= 0, 0.05, 0.6, and 1.3 GPa, respectively. Panels (a) through
(d) are taken at the constant pressure indicated, and panels
(e) and (f) are four different pressures measured at the same
value of the magnetic field indicated in the plot.
values of A0 are 14.1, 15.9, 12.0, and 8.2 µΩcm/K
2 for 0,
0.05, 0.6, and 1.3 GPa, respectively. The behavior of A0
can be understood from the general view of increasing
the Kondo temperature and stabilizing the Fermi liquid
with increasing pressure, as commonly observed in Ce
compounds.[19] We attribute the decreasingHQCP to the
fact that the critical field is moving inside the supercon-
ducting dome. The latter point is emphasized in figure
2(b). The critical fields from the fits above are plotted
together with Hc2. The fact that the critical field moves
inside the superconducting dome implies that we do not
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FIG. 2: (color online) (a) The T 2 coefficient of the resistivity
extracted from the data presented in figure 1. The solid lines
are fits to A = A0(H − HQCP )
−1.37. The values of HQCP
from the fits are plotted in (b) along with the values of the
superconducting upper critical field and the superconducting
Tc in zero field versus pressure. The ×’s are obtained from
ref. [9]. Lines in (b) are guides to the eye.
have a superconducting critical point. It is interesting to
note that the pressure at which the extrapolated criti-
cal field reaches 0 T (∼1.1 GPa) is close to the pressure
at which the superconducting transition temperature is
maximum (∼1.3 GPa), a common feature of a wide vari-
ety of quantum critical systems.[18]
Finally, we extend our analysis of the data beyond
the Fermi liquid regime. Figure 3 presents an image
plot of ∂ ln(ρ − ρ0)/∂ ln(T ) in the H − T plane for
P=0 and P=1.3 GPa. Similar plots have been made
for YbRh2Si2[20] and Sr3Ru2O7[21] to help identify the
critical field. The logarithmic derivative gives the value
of the exponent n assuming the resistivity has the form
ρ = ρ0 + AT
n. The low temperature regime of the re-
sistivity upturn has been suppressed, as the form of ρ is
inappropriate in this regime. While for P=0 the data
again suggests that the quantum critical field occurs at
the superconducting upper critical field of 5 T, it does
not seem possible to make a similar statement for the
P=1.3 GPa data. The open symbols mark the temper-
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FIG. 3: (color online) An image plot of ∂ ln(ρ− ρ0)/∂ ln(T )
for (a) ambient pressure and (b) 1.3 GPa. The open circles
represent the Fermi crossover temperature as discussed in the
text.
ature where the Fermi liquid fits deviate by more than
2% from the data. This quantity should go to zero at the
quantum critical point. At ambient pressure we see that
this Fermi crossover temperature is rapidly vanishing as
Hc2 is approached. At 1.3 GPa a linear extrapolation
yields a quantum critical point of 0.5 T, which is well in-
side the superconducting upper critical field of 4 T, and
in reasonable agreement with our fit of the A coefficient
versus magnetic field.
Thus, by applying hydrostatic pressure we have now
successfully separated the critical field from the super-
conducting upper critical field, and we conclude that
it was merely an accidental coincidence that HQCP =
Hc2 at ambient pressure for magnetic field along the c-
axis.[1, 2] Note that by adding an additional tuning pa-
rameter, namely pressure, the field tuned critical point
near Hc2, now becomes a line of critical points in the
H−P plane. A consequence of this is that, while ambient
pressure CeCoIn5 possesses a field tuned QCP, pressure
tuning at zero field should find a critical pressure which
can be accessed with positive pressure. It is hoped that
measurements within the vortex cores will provide more
direct evidence of this.
One can next speculate as to the true origin of the
quantum critical fluctuations which produce the non-
Fermi liquid behavior in CeCoIn5. From the initial com-
parison of the CeRhIn5 and CeCoIn5 phase diagrams un-
der pressure, it has been suggested that the origin of
the non-Fermi liquid behavior is the presence of an an-
tiferromagnetic quantum critical point.[9] This specula-
tion has been supported indirectly by numerous means.
Since one expects both magnetic field and pressure to
suppress antiferromagnetism in this compound, the fact
4that we observe the quantum critical point to rapidly
move within the superconducting dome with increas-
ing pressure is also consistent with this picture. Re-
cently, dHvA results on CeRhIn5 under pressure show
that there is a quantum critical pressure of 2.35 GPa
at which the Fermi surface undergoes a local to itiner-
ant crossover of the 4f electrons.[17] Given that the high
pressure dHvA frequencies agree well with those observed
in CeCoIn5 at ambient pressure, it is tempting to suggest
that CeCoIn5 at ambient pressure lies slightly above this
high field critical pressure.
While this provides a consistent perspective, there are
still several unresolved issues. There is no explanation
for why Sn doping was unable to separate the quantum
critical point from the superconducting upper critical
field over such a wide range in doping.[12] It is possi-
ble that Sn doping creates a very extended non-Fermi
liquid regime.[22] Furthermore, if at ambient pressure in
CeCoIn5 the critical field of 5 T refers to a field sup-
pression of an antiferromagnetic state, one must ask the
question as to why the magnetic transition has not been
observed at smaller fields? Perhaps this is tied to a typi-
cally overlooked point that it is difficult to unify the non
Fermi liquid behavior at zero field with the slightly dif-
ferent non-Fermi liquid properties observed at Hc2, and
it is possible that multiple critical points must be en-
voked to explain all the features of CeCoIn5.[23] Our re-
sults also raise several questions in the related compound,
CeRhIn5. It is necessary to confirm in CeRhIn5 that the
critical pressure identified by dHvA[17] does indeed cor-
respond to an antiferromagnetic quantum critical point.
We would also like to know if CeRhIn5 has a similar line
of critical points in the H−P plane as identified here. We
hope that future measurements can resolve these issues.
In conclusion, we have studied resistivity of
CeCoIn5 under pressure and in high magnetic fields. We
demonstrate that the quantum critical field moves inside
the superconducting dome with increasing pressure,
which rules out a novel superconducting quantum
critical point. This further suggests that the quantum
critical behavior is most likely associated with an as yet
undetected antiferromagnetic quantum critical point.
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